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Abstract

An increasing number of bacterial pathogens are acquiring resistance to the commonly used antibiotics. This has spurred a
global threat leading to a resistance era and has penetrated the consciousness of the common people and the clinicians alike.
The delay in discovering new antibiotics has exacerbated the resistance problem, forcing researchers to focus on unconven-
tional antimicrobial therapeutics that differ from conventional antibiotics. Alternative therapies have emerged in recent years,
including antimicrobial peptides, phage therapy, efflux pump inhibitors, antibodies, and immunomodulatory agents, which
have produced impressive results in both laboratory and in clinical trials. Additionally, ultra-narrow-spectrum therapeutics
such as CRISPR-Cas system and peptide nucleic acids aided in the development of sequence-specific antimicrobials. Moreo-
ver, combinatorial therapies that combine these new approaches have been efficient enough to get approval for clinical use and
have accelerated the discovery of novel combination approaches that enhance the performance of already in-use antibiotics.
In this review, we provide an overview of these approaches along with studies that focus on the uncharted microbial ter-
ritories that have been able to deliver some of the important new antibiotics of recent times. It is hoped that the information
gathered in this article will provide an update on the current antibiotic resistance threat and encourage profound research.

Introduction

Since the discovery of penicillin in 1929, the “wonder drug”
has been used indiscriminately to eliminate infection-caus-
ing organisms. The discovery of penicillin, its modifications,
and the subsequent discovery of bioactive scaffolds derived
from natural products served as thrusters to advance the anti-
biotic field into its golden age. Antibiotics were effective
enough to treat bacterial infections caused by medical pro-
cedures that could otherwise would have been fatal. Because
of the decrease in the prevalence of infectious diseases, cli-
nicians have been focusing more on the improvement of
medical procedures. But since the onset of the resistance
era, life is being continuously threatened by microbes that

< Debajit Thakur
debajitthakur @yahoo.co.uk

Microbial Biotechnology Laboratory, Life Sciences
Division, Institute of Advanced Studies in Science
and Technology, Guwahati, Assam 781035, India

Academy of Scientific and Innovative Research (AcSIR),
Ghaziabad 201002, India

Department of Molecular Biology and Biotechnology, Cotton
University, Guwahati, Assam 781001, India

Published online: 25 September 2022

can withstand every known antibiotic action resulting in the
emergence of multidrug-resistant (MDR) bacteria. The cat-
egory of multidrug-resistant bacteria has been segregated
into extensively drug-resistant (XDR) bacteria and pan-
drug resistance (PDR) bacteria depending on the degrees
of resistance to varieties of drugs including the pathogens
which are resistant to all the approved antimicrobial agents.

In a study that was published in 2011, researchers dem-
onstrated that the phenomenon of antibiotic resistance is
ancient and predates the current pressure to use antibiotics.
When metagenomic DNA from 30,000-year-old permafrost
sediments was analyzed, it was discovered to contain several
genes for B-lactam, carbapenem, and vancomycin resistance
and to be strikingly similar to their modern counterparts
[1]. This suggests that the widespread use of antibiotics in
modern times has favored the resistance determinants that
were already present in the bacterial pan-genome. Thus, the
antibiotic resistome, or the diversity of the genes responsible
for antibacterial resistance must be thoroughly understood
before new mechanisms for inhibiting bacterial growth can
be developed [2]. In the year 2021, Lopatkin et al. discov-
ered that antibiotic resistance may be conferred by mutations
in the core metabolic genes which regulate innate pathways
in bacteria [3]. Since antibiotic treatment affects metabolic
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pathways in bacteria in numerous complex ways, it is rea-
sonable to investigate the plethora of metabolic changes that
may confer resistance. As a result, metabolic mutations must
be considered as a new mechanism of resistance in addition
to the three major mechanisms of resistance: target modifica-
tion, drug inactivation, and drug transportation. Pathogens,
armed with these mechanisms, are constantly in conflict with
researchers trying to render them inactive.

It has been proposed that antibacterial resistance is inevi-
table and likely to persist even if antibiotic use is reduced
[4]. Moreover, the overuse of antibiotics through over-the-
counter prescriptions, which generally do not follow clinical
guidelines, contributes significantly to the spread of resist-
ance. Developing countries use antibiotics more indiscrimi-
nately than developed countries, but it is evident that even
the high-income countries face challenges of access and
excess [5]. As aresult, novel strategies for dealing with these
new realities are desperately needed. Recent strategies being
developed by researchers all over the world, as well as the
current state of antibiotic resistance, have been highlighted
in this review. Current research is focusing on finding new
alternatives to antibiotics, compounds that target previously
ignored unconventional mechanisms of bacteria, and revis-
iting previously described methods. The information cov-
ered in this article is intended to give readers some ideas
for commencing research and development for introducing
new techniques to strengthen our fight against drug-resistant
pathogens.

The Current State of Antibiotic Resistance

Resistance to commonly used antibiotics has recently peaked
resulting in the emergence of multidrug-resistant bacteria
capable of resisting the action of last resort antibiotics such
as colistin and tigecycline.

WHO recently published a report on the global short-
age of novel antimicrobials in April 2021, concluding that
the current antibiotic development pipelines and clinically
approved antibiotics are insufficient to combat drug-resistant
bacteria. [6]. The report analyzes the antibiotics in clinical
development against pathogens outlined in February 2017
bacterial priority pathogens list. For the first time, WHO
included non-traditional antibacterial medicines in its report,
which examined 27 non-traditional antibacterial agents
such as antibodies and bacteriophages [7]. Moreover, in the
Indian scenario, the Indian Council of Medical Research
(ICMR) in its annual report on Antimicrobial Resistance
Research and Surveillance Network (from January 2020 to
December 2020) represented recent resistance trends on the
priority pathogens [8]. The report highlighted the lower-
ing sensitivities of pathogens to commonly used antibiot-
ics for drug-resistant pathogens such as cephalosporins,
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carbapenems, monobactams, and p-lactam—f-lactamase
inhibitors based on data collected from tertiary hospitals
and research labs. Because India was hit by the COVID-19
pandemic during the reporting period, the resistance pattern
was also examined among isolates from secondary bacte-
rial infections in COVID-19-positive patients. These data
revealed that Klebsiella pneumoniae (K. pneumoniae) was
the most commonly isolated pathogen from the respiratory
tract of COVID-19-positive patients followed by Acineto-
bacter baumannii (A. baumannii) and Escherichia coli (E.
coli). Additionally, it has been discovered that when these
pathogens were isolated from COVID-19-positive patients,
their antibiotic resistance increased noticeably. In addition,
according to a recent report by the Center for Disease Con-
trol (CDC) in the United States, an estimated 2.8 million
people are infected with antibiotic-resistant pathogens each
year, with 35,000 deaths. Furthermore, $4.6 billion was
required to treat infections caused by six multidrug-resistant
bacteria. The CDC has categorized 18 antibiotic-resistant
bacteria and fungi into three categories based on their level
of concern for human health, which are “urgent, serious, and
concerning” [9]. Considering these scenarios, there is an
urgent need for the development of novel therapies to treat
bacterial infections caused by multidrug-resistant pathogens.

Revisiting Natural Products as a Source
of Novel Antibiotics

The current state of antibiotic resistance demands alternative
strategies for dealing with the growing problem and revisit-
ing the natural products derived from microorganisms is one
such promising field. Various studies attempting to explore
the natural environment with new techniques insights have
resulted in the discovery of rare and novel antimicrobi-
als. In an attempt to explore the vast universe of uncharted
microbes, Omsland et al., were successful in cultivating
Coxiella burnetti (C. burnetti) in a host-cell-free environ-
ment through optimization of culture media [10]. Since
then, research on natural products from this rare organism
has been on the rise. As evident from this study, the key to
finding rare organisms is to find the optimal culture condi-
tion to grow the said organism. One of the ways to find this
synchronized condition is to use microfluidics devices. In
another study by Ma et al., a new bacterium called microflu-
idics I was isolated by developing a device with 3200 nano-
liter-sized wells which, when allowed to process the sample,
would contain only one cell at a time, allowing it to grow
without any competition from other species for nutrients.
The study’s most intriguing aspect was the use of samples
targeting the human microbiota in search of novel species
[11]. A research team from Northeastern University in Bos-
ton, along with other collaborators, attempted to incubate the
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microorganisms in their own natural habitats, i.e., soil, with
a recently developed device called the iChip. This resulted
in the identification of one of the most significant antibi-
otics in recent years, teixobactin [12]. The iChip allowed
the growth of many different species which would not have
been possible if it were incubated in conventional labora-
tory conditions leading to the discovery of Eleftheria terrae,
a bacterium that produced the antibiotic teixobactin. This
antibiotic, a macrocyclic depsipeptide, has distinct pharma-
cological properties along with interesting structural features
such as D-amino acids and non-standard amino acids. Itis a
potent antimicrobial against Gram-positive bacteria where it
interrupts cell wall synthesis by binding to lipid II and lipid
IIT which are essential for peptidoglycan and wall teichoic
acid synthesis, respectively [13]. Because it is a moderately
complex depsipeptide, researchers have begun complete syn-
thesis of the molecule to simplify the remaining structural
complexities. This has resulted in the synthesis of various
teixobactin analogues with enhanced and distinct modes of
action, such as supramolecular assembly, which ultimately
disrupts the cell membrane. [14].

Prospecting for genes that produce bioactive compounds
is also prominent for locating new species and their com-
pounds. A machine-learning algorithm was developed by
Donia et al., that recognizes the pattern in these important
genes and looks for similar hits when let loose on bacte-
rial genomes of interest. Recently, the team employed an
improved version of this algorithm for prospecting of genes
from the human microbiota and revealed a substantial num-
ber of biosynthetic gene clusters for many important bioac-
tive compounds. Further investigations led to the structure
elucidation of a thiopeptide antibiotic, lactocillin, from a
prominent member of the vaginal microbiota [15].

Natural product discovery is an ongoing search that has
resulted in the discovery of some of the most important
molecules in recent history. With the aid of cutting-edge
sequencing platforms and prediction algorithms, ventures
into previously uncharted natural habitats have gained popu-
larity and shown promising results.

Non-Traditional Approaches to Combat
Antibiotic Resistance

The vast knowledge on pathogen cellular mechanics has
highlighted the various potential targets that can be exploited
for antibiotic development. Important metabolic pathways
in bacteria that can be inhibited with having a detrimen-
tal effect on their survival should be the targets of new
drugs. Consequently, researchers have focused on targets
for which resistance should be hard to develop. The arsenal
for combatting resistance can be expanded to include nano-
materials and phytopharmaceuticals, which have recently

gained global attention. Nanomaterials such as nanoparti-
cles, nanorods, nanowires, and 2D materials can augment
the action of antibiotics by acting as carriers or they can
be used as standalone bactericidal agents [16, 17]. On the
other hand, phytochemicals of various classes have demon-
strated substantial inhibitory potential against drug-resistant
pathogens by interfering with resistance pathways such as
efflux pumps, biofilms, and bacterial cell communications
[18]. But translating these phytochemicals into marketable
product has been in a major standstill. The major non-tra-
ditional strategies that were outlined by WHO that have the
potential to be translated into marketable product include
antimicrobial peptides. These are short peptides with vari-
able mode of actions that can cripple the pathogen defense
systems, efflux pump inhibitors, which act to block one of
the most efficient mechanisms developed by living beings
to throw out unwanted chemicals, phage therapy, which uses
one of nature’s menacing organisms such as the viruses that
only targets bacteria in their own specific way, and combi-
natorial therapy, which attempts to blend the properties of
some important compounds that increases the efficacy of
antibiotics and sensitizes the pathogens to commonly used
drugs. The WHO has recently acknowledged antibodies and
immunomodulatory drugs as non-traditional therapeutics for
treating infectious diseases. Also, sequence-specific antimi-
crobials including gene editing tools such as CRISPR-Cas
system and peptide nucleic acids have also gained impor-
tance recently for the development of ultra-narrow-spec-
trum therapeutics. A schematic representation of how these
approaches are being used to tackle antibiotic resistance is
represented in Fig. 1. These emerging approaches can be
the utilized to halt the reversal of our current situation to the
pre-antibiotic era and to transform the current resistance era
into a narrow-spectrum era in which antibiotic therapy will
be more specific and personalized to each individual.

Targeting the Bacterial Cell Membrane—
Antimicrobial Peptides

Antimicrobial peptides (AMPs) are cationic host defense
peptides with variable mechanism of actions that are pro-
duced ubiquitously among all the kingdoms including pro-
tozoa, bacteria, archaea, fungi, plants, and animals. These
agents do not target proteins in the bacterial cell, but they act
by associating themselves into the membrane leading to per-
turbation of its bilayer structure. These host defense peptides
(HDPs) are major role players in the innate immune system,
regulating key features such as the chemokine release from
immune cells, wound healing enhancement, anti-apoptotic
effect on immune cells, and acting as adjuvants to stimulate
the adaptive immune response [19].

The prospect of using these agents for targeting patho-
genic microorganisms raises hopes to circumvent the

@ Springer



330 Page 4 of 15

A.N. Konwar et al.

Unconventional
targets in the

)
pathogen )l
)
)|

Antimicrobial peptides - |
targeting the bacterial cell |
membrane

Efflux pump inhibitors

Antibiotic - Antibiotic ;
Antibiotic - Adjuvant
combination

o0

-GC) Phage therapy - Using
(&) bacteriophages to kill drug
© Alternative therapies resistant bacteria !
e Antibodies as antibiotics
Q. ‘
o Immunomodulatory agents |
© as therapeutic agents
(@)} Ultra-narrow
(< spectrum CRISP!!—Cas sys?em _and

E 6) antimicrobials Peptide nucleic acids
—
£

L

Revamping the
already in-use )l

antibiotics

Mining the uncharted

microbial territory unculturable

Search for novel species and
) novel compounds from the
microorganisms J

Fig. 1 Schematic representation of the various approaches used
for combating antibiotic resistance in the recent times. Approaches
including unconventional targets of the pathogens, alternative thera-
pies, ultra-narrow-spectrum antimicrobials, revamping the already in-

growing resistance against antimicrobial agents because of
three major reasons: Firstly, AMP’s act through a physical
mode of action attributed to their charged nature enabling
membrane disruption. Resistance against this mechanism
is rare among bacteria. Secondly, resistance is difficult to
develop due to the diverse mode of action of a single pep-
tide, which is dependent on peptide structure, peptide to
lipid ratio, and lipid membrane properties. Resistance is hard
to develop. Lastly, because of advancements in sequencing
technologies and molecular dynamics platforms, these small
peptides can be easily modified and developed in silico for
use as adjuvants to other antibiotics to enhance their activi-
ties and break any developing resistance.

Till date, several different mechanisms of AMPs depicting
their action have been reported. Kim et al. [20], evaluated
the immunomodulatory activity of chicken NK (cNK) lysin,
the chicken homologue of human granulysin. cNK is a cati-
onic amphiphilic antimicrobial peptide (AMP) produced by
cytotoxic T cells and natural killer cells and its derivatives,
particularly the peptide cNK-2. They recognized the role of
AMPs in modulating both innate and adaptive responses.
They used the site-directed mutation approach to decipher
the structure and function of the peptides. In a relatively
recent study, a group from Lanzhou University, China tried
the approach of chemical modifications through conjugation
of fatty acid chains of varying lengths into peptides. Acet-
ylation, cyclization, and several other reactions produced
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use antibiotics and mining the uncharted microbial territories, work
together to halt the progress of antibiotic resistance and transform it
into a narrow-spectrum era where antibiotics act specifically to target
the drug-resistant pathogens

new and promising peptide derivatives with antimicrobial
activity against diverse multidrug-resistant pathogens [21].
In various studies, including that of Malekkhaiat Héffner
and Malmsten et al., [22], the impact of the introduction of
dimers in AMPs for enhanced activity as well as reduced
toxicity was demonstrated. In their study, they success-
fully showed the peptide self-assembly (micelles, vesicles,
nanofibers, nanotubes, etc.) with an increased antimicrobial
activity. In another study, Zhu et al. designed analogs of
Mastoparan-C an antimicrobial peptide with excellent broad-
spectrum activity but is highly toxic to mammalian cells due
to high cell membrane perturbation capability. The screened
analogs showed remarkably less toxicity and were shown
to aid the antibiotics rifampicin and gentamicin in ceasing
Gram-negative bacterial infections [23].

Antimicrobial peptides offer hopes for combating anti-
microbial resistance, but they face challenges such as high
cytotoxicity, high production costs compared to conven-
tional antibiotics such as aminoglycosides, and non-selective
membrane disruption. Antimicrobial peptides offer hope for
combating antimicrobial resistance, but they face challenges
such as high cytotoxicity, high production costs compared
to conventional antibiotics such as aminoglycosides, and
non-selective membrane disruption. Clinical trials of vari-
ous antimicrobial peptides such as Nisin, Gramicidin, Poly-
mixins, and others have revealed that in order to improve the
efficacy, various strategies such as shortening the peptide
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length to reduce production costs, searching for optimal
delivery systems where the peptides can be encapsulated for
better bioavailability, and modifying the peptide sequence
for improved bio selectivity must be implemented [24].

Targeting the Bacterial Efflux Mechanism—Efflux
Pump Inhibitors

Antibiotic resistance is known to occur through three major
processes including drug inactivation, alteration of the tar-
get molecules intrinsic to the bacteria, and efflux of drugs
preventing their accumulation inside the cell to impede intra-
cellular activity. The efflux pumps present in the cytoplas-
mic membrane aid in this process by selectively pumping
out chemical compounds against its concentration gradient
(active mechanism). Although, initially discovered in bac-
teria, these efflux pumps are prevalent in higher eukaryotes,
where they form a major part of the genome sequence. The
presence of drug transporters in eukaryotic cells can be
explained by the fact that the majority of these transport-
ers have broad specificities and select unrelated classes of
compounds. Furthermore, transporters serve as a general
barrier against amphiphilic compounds that may cross the
cytoplasmic barrier and disturb the osmotic balance of the
cell. Advances in structural biology have deciphered the
structure of these transporter proteins and their mecha-
nism of transportation which forms a tripartite system that
allows the flow of molecules across the cytoplasmic bar-
rier along the periplasmic space of Gram-negative bacteria
[25]. Insights into the molecular mechanisms of these trans-
porters have enlightened certain crucial points that can be
manipulated in order to develop future drugs targeting these
mechanisms. The development of efflux pump inhibitors
(EPIs) is imperative when multidrug-resistant bacteria are
concerned since efflux pumps form a major determinant for
drug resistance. An optimal inhibitor is expected to reduce
the intrinsic resistance of the bacteria against antibiotics and
other drugs along with curbing the emerging frequency of
multidrug-resistant strains. The inhibition of efflux can be
accomplished in various ways including (i) downregulating
the expression of efflux pump genes by manipulating the
genetic regulation, (ii) redesigning previously used antibiot-
ics, (iii) inhibiting the assembly of functional efflux pumps,
(iv) avoiding substrate binding to the active site of the efflux
pump, and (v) collapsing the energy mechanism responsible
for energizing these pumps. The EPIs are molecules that are
able to fulfill almost all of the inhibition criteria.

Although there is a myriad of EPIs in the laboratory
stage showing promising inhibitory activity, classifying
them is a difficult task since the mode of action of many
of them is unknown. Nonetheless, depending on the cur-
rent data regarding the mode of action of EPIs, they can

be classified into two broad categories (i) EPIs that work
by decoupling the energy from efflux pumps, and (ii) EPIs
that directly binds and inhibits the efflux pumps. On the
other hand, EPIs can also be classified based on its their
source which includes broad categories such as (i) Plant-
based EPIs, (ii) Synthetic EPIs, and (iii) EPIs derived from
microorganisms [26]. A few examples of the most com-
monly used EPIs that encompass this broad classification
are listed in Table 1.

One of the ways of inhibiting the pumps is blocking
the outer membrane factor (OMF) of the tripartite efflux
pumps. Two indole derivatives were designed that were
capable of blocking TolC, the OMF of different Entero-
bacteriaceae efflux pumps, resulting in strain sensitization
to antibiotics such as chloramphenicol, tetracycline, eryth-
romycin, and ciprofloxacin [27]. In a very recent study,
the importance of norA efflux pumps to confer resistance
among S. aureus isolates from ciprofloxacin was estab-
lished, highlighting the importance of its inhibition to
control the evolution of resistant strains overexpressing
norA pumps, and it has been reported in many studies
that plant-based natural products have promising inhibi-
tory effect against norA pumps [28-31].

Inhibiting the expression of multidrug efflux pumps is
also a substantial alternative that can be useful against
efflux pumps whose basal expression can contribute to the
intrinsic resistance of a bacterium [32]. Short anti-sense
oligomers have been used to disrupt the expression of
AcrAB-TolC efflux system in E. coli which hyper-sensi-
tizes them to antibiotics [33]. The efficacy of the short oli-
gomer is highly specific to the conserved target sequence
of the bacteria and have low detectable toxicity against
human cells. In another study, anti-sense peptide nucleic
acids were designed to target the three components of the
CmeABC efflux pump in Campylobacter jejuni which
inhibited its expression and resulted in a sensitive strain
against antibiotics [34]. Although, the use of these anti-
sense nucleotides has been found to be effective in lab
conditions, it is still unknown whether it will be effective
in clinical settings or pass the clinical trials.

EPIs promise considerable efficacy in curbing antibi-
otic resistance primarily by aiding the antibiotics in their
mode of action, or by weakening the bacteria before anti-
biotics take effect. Although experiments have suggested
the clinical use of EPIs, a substantial understanding of
toxicity is still required to effectively administer EPIs
along with antibiotics. But hope has been shown by stud-
ies on approved drugs where more than 1200 drugs were
screened and a tyrosine kinase inhibitor, nilotinib, was
found to be effective in inhibiting the norA efflux pump
which confers resistance to S. aureus against fluoroqui-
nolones (e.g., ciprofloxacin) [35].
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Table 1 List of EPIs effective against various efflux pumps

SL.No EPI Source Mechanism of Action Inhibitory Conc References

1 EA-371a, EA-371d  Streptomyces MF-EA-371-NS1 MDR pump MexAB-OprM of 0.625 mg/I caused a four-fold [26]
Pseudomonas aeruginosa (P. reduction in the MIC of levo-
aeruginosa) PAM1032 floxacin

2 5’-MHC Hydrastis canadensis Targets NorA of Staphylococcus  Not found [78]
aureus (S. aureus)

3 SK-20 and SK-56  Piper nigrum In low dose, it inhibits P-gp Not found [26, 78]

(Piperine ana- expression and function but
logs) higher dose can enhance P-gp

protein and MDR1 mRNA
levels

4 Reserpine Rauwolfia serpentina NorA, TetK, MepA, Bmr of S. 13.2+1.02 pyM and 10+3 pM,  [26]
aureus, Bacillus subtilis, Strep-  respectively
tococcus pneumoniae

5 Theobromine Theobroma cacao Inhibits AcrAB-TolC efflux Not found [78]
pump of K. pneumoniae, Sal-
monella Typhimurium

5 Quercetin Camellia sinensis Inhibits talinolol transport in Observed IC50 values are 97 and [78]
Caco-2 cell line via P-gp inhi- 41 pM of talinolol in absence
bition in MDR family and presence of quercetin

6 Biochanin A Cicer pinnatifidum Inhibits TetK efflux pump in Not found [26]
Mycobacterium smegmatis

7 Kendarimide Haliclona caerulea Reverses P-gp mediated MDR Not found [78]

8 Orizabin Ipomoea violacea Reverses norfloxacin resistance ~ Not found [78]
in S. aureus

9 Phenylbutanoids Zingiber officinalis Shows potent P-gp inhibitory Not found [78]
effect on breast cancer cell line
(MCF-7/ADR) and enhances
daunomycin uptake

10 Chalcone Nicotiana tabacum Reverses resistance of berberine, Not found [78]
erythromycin and tetracycline
in Bacillus cereus and S.
aureus

11 Coumarins Angelica gigas Inhibits P-gp, MRP-2 and BCRP 2-5 pM [26]
via acting as substrate in S.
aureus

12 PABN Synthetic AdeFGH pump in A. baumannii ~ Not found [26]

13 Pyridoquinolines ~ Synthetic Inhibits AcrAB-TolC in Entero-  Not found [26]
bacter aerogenes

14 Chlorpromazine Synthetic Inhibits AcrB in Salmonella Not found [26]
enterica

15 DHA7, DHA 27 Synthetic Inhibits AcrB in E. coli Not found [26]

Phage Therapy rise of antibiotics in the mid of 20th century has side-lined

Bacteriophages or “phages” are viruses that can infect and
replicate within bacterial cells and exclusively targets bac-
teria. They form the most abundant and ubiquitous group
of organisms on earth that interferes and affects microbial
physiology, evolution, population dynamics, and therapeu-
tics [36]. The exclusivity of these phages toward bacteria has
been the most important factor that renders them therapeu-
tically important. Although the term bacteriophage coined
by Felix d’Herelle consequently led to its use in treating
bacterial infections in human patients a century ago, the
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the importance of bacteriophages as therapeutic agents. In
areview about bacteriophages, Altamirano et al., have com-
pared phage therapy to antibiotics regarding different aspects
of its function [37]. This highlighted important points such
as the high host specificity of the phages that can be used
as an advantage over antibiotics because phages would not
exhibit any off-target side effects due to disturbances in the
microbiota. The host specificity can also turn disadvanta-
geous in clinical terms, since it demands a thorough diagno-
sis of the infection and identification of the etiological agent
to strain level. Another most important advantage of using
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phages therapeutically is that, unlike antibiotics, phages will
always have the advantage over bacteria as they develop new
infectivity and mutate alongside their host. Furthermore,
because of their abundance and genetic versatility, there are
an infinite number of sources from which they can be iso-
lated and efficiently molded and modified. [37].

The therapeutic use of bacteriophages or “phage ther-
apy” requires some key aspects for it to be used clinically.
The regulatory requirement for therapeutic use constitutes
strictly lytic phages, confirmed antimicrobial activity against
the target pathogen, and removal of contaminating bacterial
debris and endotoxins [38]. Consequently, phages are being
extensively studied around the world for developing opti-
mized viruses or cocktails of these viruses that can be used
clinically. The last decade has witnessed numerous in vitro
and preclinical studies that are being considered to enter
phase I clinical trials. These trials were based on three types
of administration, i.e., topical administration, oral adminis-
tration, and intravenous administration. Phage therapy has
been used to treat chronic bacterial prostatitis, a prolonged
bacterial infection caused by many nosocomial pathogens.
It was used against a patient with chronic bacterial prosta-
titis caused by Gram-positive bacteria that was resistant to
antibiotic treatment. After the phage treatment, there was
a substantial reduction in bacterial load and resolution of
the infection [39]. Another interesting use of phages was
represented in a recent work by Wang and Loh et al., where
they used phages to make A. baumannii strains sensitive
to previously resistant strains to colistin. This was done by
co-incubating a lytic phage with the A. baumannii strain,
resulting in the emergence of phage-resistant A. baumannii
which were sensitive to colistin. This aspect where the bacte-
rial pathogen chooses to become resistant to the phages by
modifying its capsular material resulting in antibiotic sen-
sitivity can be utilized in clinical settings [40].

It is well established that the phage genomes encode
numerous proteins that aid in the breaching of bacterial
cell membranes so that the virus can inject their nucleic
acids into the host. Two important proteins or enzymes are
noteworthy during the infection phase; the virion-associated
peptidoglycan hydrolases (VAPGH) and the polysaccharide
depolymerases [41]. VAPGH is found in the base plate of
the virus that locally targets the peptidoglycan of the bacte-
rial wall allowing the phage tail tube structure to embed
and eject its genomic material. Another enzyme, which is
the polysaccharide depolymerases, targets the polysaccha-
ride components of the bacterial cell envelope such as the
lipopolysaccharide (LPS), the extracellular matrix compo-
nents in biofilms, bacterial capsule, etc. This exposes the
phage-recognized receptors on the bacterial cell surface,
allowing phages to identify specific strains [42]. The capsule
and biofilm are important virulence components of the bac-
teria which are utilized either to escape the defense system

of the host, or to resist the attack of antibiotics. Thus, using
virion-based enzymes such as polysaccharide depolymerases
along with antibiotics can give it an extra edge to penetrate
the bacteria and exert its effect. Consequently, phage-based
depolymerases produced through a monophage therapy
along with amoxicillin were used for the treatment of K.
pneumoniae infection, where the enzyme was attributed for
its extracellular matrix-degrading properties allowing better
penetration of the antibiotic as well as whole phage particles
[42].

Altogether, the use of phage therapy as an efficient tool
to fight against antibiotic resistance appears promising due
to the multidimensional strategies provided by these phages.
It has been recently pointed out that the interrelationship
between bacteria and phages must be understood from an
evolutionary perspective, as evidenced by studies conducted
in Bangladesh on the endemic cholera caused by Vibrio
cholerae [43].

Further research is required to establish phage therapy
as a fore-front strategy due to the recurring resistance in
bacteria attributed to evolutionary stand-offs. Phage therapy
promises hope in these tiring times, when the scientific com-
munity values trying out new combinations and methods.

Combinatorial Therapy—Engaging Multiple Targets

Combination of therapies for treatment of diseases has been
well established in the clinical practice where conditions
such as HIV, tuberculosis, malaria are confronted with one
or two combinations of drugs. The previous sections dis-
cussed about strategies that target unconventional mecha-
nisms of the pathogens, but combining these strategies to
attain a synergy to which the emergence of resistance may
be negligible is an interesting approach. This approach has
been followed to tackle infections by multidrug-resistant
bacteria through either antibiotic—antibiotic combination, or
through the combination of antibiotics with adjuvants that
either directly target resistance mechanisms or indirectly
enhances the effect of antibiotics by inhibiting its efflux or
targets bacterial signaling mechanisms [44]. Figure 2 shows
a schematic representation of a combination therapy that
can be adopted using AMPs, EPIs, and bacteriophages as
adjuvants along with commonly used antibiotics.

This approach can greatly enhance the efficacy of already
in-use antibiotics or can be used to sensitize the bacteria
before the action of antibiotics. In the recent times, clini-
cal practice has demonstrated success in the combination of
two or more antibiotics or a combination of antibiotics with
adjuvants. The combination of antibiotics or other drugs
is focused on targeting multiple targets to effectively kill
the pathogen leaving less or no chance for the pathogen to
develop resistance. The combination of antibiotics can fol-
low three strategies including targeting different pathways,
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Antibiotic - Antibiotic
Antibiotic -
Combinations

Fig.2 Schematic representation of the combinatorial approach using
a combination of antibiotics or using antibiotics with appropriate
adjuvants including antimicrobial peptides, efflux pump inhibitors,

for example, the treatment of Mycobacterium tuberculosis
infections was done using four different antibiotics such
as isoniazid, rifampicin, ethambutol, and pyrazinamide.
Another strategy is to inhibit different targets in the same
pathway such as inhibition of successive steps in folic acid
synthesis using the combination of sulfamethoxazole and
trimethoprim. A third strategy is to inhibit the same target
in different ways such as using streptogramins [45].

As previously stated, AMPs are excellent antimicrobial
molecules that act by disrupting the bilayer structure of the
bacterial cell membrane. Combining AMPs with conven-
tional antibiotics can be a proficient combination therapy
because AMPs facilitate the entry of conventional antibiot-
ics. Colistin, a cationic AMP, which is also one of the last
resort antibiotics has shown synergy with antibiotics such as
azithromycin and has potentiated its entry into bacterial cells
to exert its effect against multidrug-resistant Gram-negative
bacteria [46]. Another important AMP such as daptomycin
has also demonstrated synergistic effects with ampicillin in
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vancomycin-resistant Enteroccocus faecium (VRE) clinical
isolate that can mostly be attributed to the modification of
surface charge by the AMP [47].

In case of EPIs, the central role would be to sensitize the
resistant bacteria to antibiotics. Keeping this in mind, antibi-
otic hybrids such as EPI/antibiotic hybrids present a hopeful
scenario posing as next-generation agents and adjuvants to
control resistance among Gram-negative bacteria [48]. In
a study that attempted to conjugate antibiotics with EPIs,
tobramycin-EPI conjugates showed synergistic effect with
tetracycline antibiotics to enhance its effect and prevent its
subsequent sequestration out of the cell by disrupting the
proton motif force, which cripples the efflux pumps resulting
in sensitization of multidrug-resistant P. aeruginosa [49].
Bacteriophages and their associated enzymes also exhibit
the potential to be used in combination therapy along with
conventional antibiotics.

Studies have reported the use of antibiotic combinations
to inhibit the cell wall formation of Gram-positive bacteria
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such as Methicilin-Resistant S. aureus MRSA. For exam-
ple, a natural product, tunicamycin, inhibits the teichoic acid
in the Gram-positive bacterial cell wall and demonstrates
excellent synergy with B-lactam antibiotics which resulted in
several folds decrease in minimum inhibitory concentration
(MIC) of oxacillin against MRSA [50]. The target described
here is the enzyme N-acetylglucosamine- 1-phosphate trans-
ferase encoded by the gene rarO, which is the first enzyme
in the biosynthesis pathway of wall teichoic acid. Another
compound named ticlopidine, which is an antiplatelet drug
has been shown to identify the enzyme N-acetylglucosa-
mine-1-phosphate transferase as its target. Ticlopidine
showed synergistic effects with cefuroxime against a range
of MRSA strains which resulted in a decrease of the MIC
concentrations to upto 64-folds [51]. Also, there are several
known inhibitors of cell wall synthesis such as bacitracin,
teicoplanin, vancomycin, and so on, which shows synergis-
tic effects with B-lactam antibiotics against Gram-positive
bacterial strains [52].

Recently, in a study, it was found that anti-virulence com-
pounds such as gallium, a siderophore quencher, and fura-
none C-30, a quorum-sensing inhibitor, can aid a combina-
tion of antibiotics demonstrating synergistic effect against
P. aeruginosa [53]. The team used four clinically relevant
antibiotics such as ciprofloxacin, colistin, meropenem, and
tobramycin to treat drug-resistant bacteria and found prom-
ising levels of synergies between certain drug pairs. Also,
the anti-virulence compounds acted as potent adjuvants to
the antibiotics rendering them as growth inhibitors against
certain drug-resistant strains of P. aeruginosa. Similar stud-
ies conducted around the world on drug combinations as a
potential source of antibiotic strategies gives us hope that in
near future, approaches like these may lead to the alleviation
of the resistance problem.

Antibodies as Antibiotics

In April 2021, WHO published a list of non-traditional
antibacterials, which include alternative strategies to direct
acting small molecules, and one of which is the use of
antibodies as antibiotics. Before the advent of antibiotics,
serum antibodies were the prevalent medication for treating
infectious diseases. With the onset of antibiotic resistance,
researchers are once again probing into this field and vac-
cination strategies to treat bacterial infectious diseases.
Antibodies as therapeutic agents utilize the potential of
a human body’s immune system. Human monoclonal anti-
bodies are less likely to be cleared by the body and show
less toxicity with a higher longevity with a typical half-life
of 21 days for IgG types. Another advantage of antibod-
ies is their high specificity, which makes them useful as a
therapeutic agent that does not disrupt normal bacterial flora.
Taking these advantages into account, various monoclonal

antibodies have been developed and are currently undergo-
ing clinical trials. These antibodies have shown to be active
against nosocomial pathogens such as S. aureus and P. aer-
uginosa, and also difficult-to-treat pathogens such as A. bau-
mannii. A human monoclonal antibody developed as such by
Trellis Biosciences disrupts the biofilm formation of mul-
tiple bacteria by targeting the DNABII protein required for
biofilm formation [54]. Another product that is being devel-
oped by Roche is an antibody—antibiotic conjugate which
is specific to S. aureus. The human monoclonal antibody is
designed to bind to the surface of S. aureus putting the con-
jugated antibiotic in close proximity that enhances the effect
of the antibiotic [54]. A bi-specific antibody was developed
by the company AstraZeneca PLC (formerly MedImmune),
MEDI3902, which targets a surface polysaccharide of P.
aeruginosa and affects its biofilm forming capability [54].
Recently, a double-blind, placebo-controlled, phase 2 trial
was conducted with suvratoxumab, a human monoclonal
antibody capable of controlling ventilator-associated pneu-
monia caused by S. aureus for the patients in Intensive care
units with mechanical ventilators [55]. This monoclonal
antibody targets the pore-forming a-toxin and thus greatly
reduces its toxic effect.

Although many of the monoclonal antibodies are in the
Phase 1 or Phase 2 of the clinical trials, only a handful have
the potential to be translated into a marketable product.
Further research into the field of antibodies is required to
strengthen the hold of monoclonal antibodies against drug
resistance since it is less likely to contribute to the increasing
antibiotic resistance than antibiotics themselves.

Immunomodulatory Agents as Anti-Bacterial
Therapeutics

Harnessing the full potential of a body’s immune system is
an interesting approach in the era of antibiotic resistance.
Immunomodulating agents are a promising alternative to
antibiotics in treating infectious diseases by utilizing the
antimicrobial effector mechanisms of the immune cells such
as macrophages [56]. The mechanisms through which mac-
rophages eliminate intracellular bacterial infections include
human antimicrobial peptides such as cathelicidin, LL-37,
nitric oxide (NO) produced by inducible NO synthase
(iNOS), and reactive oxygen species (ROS). These effector
strategies used by macrophages destroy the cell membrane
integrity and interfere with the membrane forming mecha-
nism of the bacteria. For the treatment of tuberculosis, anti-
mycobacterial immunity in the body can be enhanced by
many immunomodulatory agents such as arginine, active
vitamin Dj, 1,25-dihydroxyvitamin D3 (vitD), or histone
deacetylase (HDAC) inhibitors such as sodium phenylbu-
tyrate (PBA). A combination of vitD +PBA has been shown
to be effective against Mycobacterium tuberculosis through
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the human antimicrobial peptide (LL-37) pathway [56].
Repurposing existing drugs that modulates the immune
system for anti-tuberculosis therapy is also an interesting
approach that is being followed [57]. Immunomodulatory
drugs that have been repurposed include statins, Non-Ste-
roidal Anti-inflammatory Drugs (NSAIDs), Linezolid, Met-
formin, and many others.

The role of gut microbiota in modulating the immune
response of a body is an attractive approach. The commensal
microorganisms present in the digestive tract provide health
benefit to the host by maintaining immune homeostasis [58].
This is achieved through mechanisms such as engaging the
toll-like receptors and pathogen-specific receptors to the
ligands of the commensal microorganisms, which main-
tains tolerance and immune response against the pathogens
Furthermore, the metabolites of the gut microbiota have an
immense role in modulating a wide range of responses in
the human body by inducing the differentiation and main-
tenance of lymphocytes, which are effector immune cells.
Short chain fatty acids (SCFAs) which includes acetate,
propionate, and butyrate, are essential metabolites synthe-
sized by intestinal microbiota and are formed during the
bacterial growth process through carbohydrate utilization
[59]. The concentration of SCFAs depends substantially on
the diet and the state of the microbiota. The SCFAs play an
important role in maintaining the proper balance in cases of
microbial dysbiosis, i.e., the imbalance of the gut microbiota
leading to disease conditions of the intestine.. In cases of
microbial infections, SCFAs can directly act by diffusing
through the membrane of the bacteria at low pH where it is
lipid soluble and once it is inside it disrupts the ionic balance
[60]. SCFAs like butyrate and acetate also have an effect
on pathogen virulence by lowering the pH, which reduces
flagellar motility and the ability to form biofilms. Also, it has
been observed that in Salmonella strains, SCFAs impair the
production of extracellular components that are required for
biofilm formation. It was also observed that butyrate down-
regulates genes required for invasion and translocation from
the intestine to the bloodstream of Salmonella strains [61].

In the era where infectious diseases are getting stronger
and more resilient to conventional therapies, strengthening
the immune system of the body seems to be a promising
endeavor. Microbial metabolites of the gut such as SCFAs
represent a hopeful scenario but a deeper understanding of
the biological pathways is required for the development of
concrete therapies. Meanwhile, prebiotics and probiotics that
strengthen the gut microflora and its metabolites appear to
be promising for tackling resilient infections.

Together, researchers around the world along with policy
makers of numerous countries are acknowledging the dan-
gers of antibiotic resistance and are trying their best to come
up with innovative solutions that can mitigate the problem.
Targeting these unconventional internal pathogen targets,
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such as the cell membrane integrity and the efflux pumps,
demonstrates efficacy that might lead to victory in the bat-
tle against drug-resistant strains proper schemes and trials
are devised. Case studies and clinical trials in the case of
phage therapy have highlighted the importance of evolution-
ary advantages that can be exploited for developing efficient
therapies and build up on the idea of combination therapies
with important phages aiding the already in-use antibiotics.

CRISPR-Cas System for Combating Antibiotic
Resistance

Gene editing tools such as the clustered regularly inter-
spaced short palindromic repeats—CRISPR-associated
(CRISPR-Cas) system have been recognized as one of the
important strategies to combat antibiotic-resistant strains.
The programmable nuclease protein (Cas) in the systems
allows targeted and sequence-specific DNA cuts, guided by
RNA-based spacers (guide RNA) that are flanked by partial
repeats. This strategy has been used as a sequence-specific
therapeutic to target antibiotic resistance genes in pathogenic
strains that act by sensitizing the strains to antibiotics pre-
venting the spread plasmids harboring of resistance genes
[62]. The mechanism of action of CRISPR-Cas system can
be understood in three stages that include adaptation, expres-
sion, and interference [63, 64]. The integration of the invad-
ing DNA into the CRISPR locus of the host genome occurs
during the adaption stage and then followed by expression of
the pre-crRNA and processing of the crRNA from the flank-
ing spacer sequences during the expression stage. During
the interference stage, crRNA along with the Cas proteins,
detect the invading DNA sequences and produce double-
stranded breaks. Based on the molecular characteristics and
evolutionary relationships, the CRISPR-Cas system is clas-
sified into two classes containing six types and 33 subtypes
[63]. The class 1 contains multiple Cas proteins which medi-
ate the interference, compared to the single, large, multid-
omain crRNA-binding Cas proteins in class 2 (Cas9, Cas12,
Casl3, etc.).

The different ways in which CRISPR-Cas can be used
to combat antibiotic resistance include the following: (i)
by targeting the Cas proteins to species-specific sequences
so that only infectious bacteria can be targeted, reducing
the loss of normal microbiota, (ii) through direction of the
system to cleave drug-resistant genes which eliminate the
bacteria harboring them, thus protecting the wild and sus-
ceptible ones, and (iii) the system can be used to modify or
silence resistance gene harboring plasmids to re-sensitize
the bacteria to the antibiotics [65, 66]. These various ways
of using CRISPR-Cas in preclinical studies demonstrate the
potential of the technology for extensive clinical use after
passing through rigorous and transparent clinical testing.
The main concern for developing this gene-editing tool as
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an antimicrobial therapy is its delivery into the bacterial
system. One of the ways this can be achieved is through
combination with bacteriophages which further potentiates
specificity of the strategy [67]. CRISPR-Cas9 system was
integrated into a temperate phage specific to S. aureus that
has its genome trimmed off of virulence genes but main-
taining the host specificity. This greatly increased the speci-
ficity of the CRISPR-Cas9 antimicrobial against S. aureus
[68]. Phage therapeutics along with CRISPR-Cas system
have shown potential in laboratory studies but need to be
validated through animal model studies and clinical trials
before they can be used as functional clinical therapies. In
a study by Cobb et al., engineered temperate phages with
integrated CRISPR-Cas9 machinery were helpful in reduc-
ing soft tissue infection by S. aureus in mouse models with
osteomyelitis and soft tissue infection [69]. In an insight-
ful study, Selle et al., repurposed bacterial endogenous type
I-B CRISPR-Cas (CRISPR-Cas3) in Clostridium defficile (C.
defficile) into self-targeting CRISPR that targets the bacte-
rial chromosomal genome [70]. This was possible due to
an engineered bacteriophage carrying a bacterial genome
targeting CRISPR RNAs. This technique was useful in
reducing C. defficile infection in both in vitro and in mouse
models. In an aim to deliver CRISPR antimicrobials effi-
ciently, Rodrigues et al., used pheromone-responsive con-
jugative plasmids incorporating type I CRISPR-Cas system
to successfully transform Enterococcus faecalis (E. faecalis)
targeting specific antibiotic resistance genes [71]. The effi-
cacy of the plasmid containing the CRISPR-Cas system was
maintained in animal models where the occurrence of E.
faecalis was reduced in the murine intestine.

The future of deploying CRISPR-Cas systems as antimi-
crobials seems to be promising, but as any other technology,
it comes with its own hurdles. The major limitation faced by
this technology is the specificity of the guide RNA or crRNA
that ultimately defines the action of the system. Thus, further
clinical trials are required focusing on the specificity of the
system to a particular population of bacteria in a complex
microflora environment, to prove the efficacy of this system
in actual healthcare settings.

Peptide Nucleic Acids as Sequence-Specific
Antimicrobials

Targeted and specific action against drug-resistant patho-
gens has been the goal for the development of an efficient
antimicrobial therapy. Although, this has been achieved to
some extent using gene editing tools such as Zinc Finger
nucleases, CRIPSR, and engineered bacteriophages, the effi-
ciency of these techniques is yet to reach its clinical poten-
tial. Keeping this in mind, another narrow-spectrum therapy
has been developed that uses peptide nucleic acids (PNAs)
as bactericidal agents [72]. PNAs, although introduced in

1996, has found tremendous applications in the era of antibi-
otic resistance. PNAs are a group of compounds that interact
with its complementary nucleic acids more strongly than a
natural nucleic acid and have a modified sugar-phosphate
backbone where the sugar and the phosphate bonds have
been replaced with repeating N-(2-amino- ethyl) glycine
units that are connected through methylene carbonyl link-
ers. They act as a programmable mimic of DNA that can be
introduced in the bacterial cells to specifically silence genes
through mechanisms such as transcriptional arrest, P-loop
formation, inhibition of replication, translational arrest, etc.

In one of the recent examples, targeting the efaA gene
and ftsZ gene controlled the biofilm formation and bacte-
rial growth in E. faecalis using anti-sense PNAs [73]. The
PNA was designed to target the start codons of the respective
genes for translational arrest. The RNA binding was con-
firmed through northern-blotting and the PNA was delivered
inside the bacteria by electroporation method. In another
example, the gene adeB, controlling the RND type efflux
pumps, was targeted using the anti-sense PNA technology
that controls the RND type efflux pumps which provide
resistance to ciprofloxacin [74]. PNA treatment significantly
increased the susceptibility to ciprofloxacin where the anti-
sense PNA was responsible for the translational arrest of
the mRNA transcript of the gene. The engineered PNA was
delivered through electroporation.

One of the main constraints of using PNAs as antimicro-
bial agents is their delivery into the bacterial cells due to its
low solubility in water and high molecular weight. This limi-
tation is mostly overcome by modifying the oligonucleotide
backbone to increase hydrophilicity or by integrating with
molecules that can penetrate cells that can act as transport-
ers. Most studies have integrated cell-penetrating peptides
or cationic peptides with PNA to deliver it into the bacte-
rial cells. Barkowski et al., studied the efficiency of various
cell-penetrating peptides linked to anti-gyrA PNA on the
virulence of Streptococcus pyogenes where it was found that
HIV-1 TAT, oligolysine (K8), and (RXR)4XB peptide-cou-
pled anti-gyrA PNAs efficiently abolished bacterial growth
in vitro [75]. Abushahba et al., also tested five different cell-
penetrating peptides for their efficiency in delivering PNAs
into Listeria monocytogenes and in Caenorhabditis elegans
infection model [76]. Moreover, the antimicrobial peptides
and other cell-penetrating peptides have been shown to be
very effective in crossing the cell membrane and delivering
the antimicrobials to exert its effect on intracellular patho-
gens [77].

Although PNAs deliver promising scenarios in devel-
oping narrow-spectrum antimicrobials, limitations such as
intracellular delivery, low solubility, physiological stability,
and clearance from the body still need to be addressed in the
coming future to develop this technology as an ultra-narrow-
spectrum antimicrobial therapeutics.

@ Springer



330 Page 12 of 15

A.N. Konwar et al.

Conclusion

Since the emergence of resistance, the focus has been to
sensitize the pathogens to antibiotics and stop the emer-
gence of new resistant strains. This course has led to the
identification of numerous targets in the pathogens that
were not considered in the golden age of antibiotics such
as the cell membrane integrity, efflux pumps, and subse-
quent targets in a single or multiple metabolic pathways.
Viruses such as the bacteriophages are being extensively
studied so that their inherent ability to specifically infect
and kill a bacterium can be harnessed and turned into an
efficient therapy. Interesting studies have been conducted
on the field of antibodies as therapeutic agents along
with immunomodulatory agents which have highlighted
the importance of the body’s immune system in combat-
ting serious bacterial infections. Ultra-narrow-spectrum
antimicrobials have also been developed using the gene
editing tools such as CRISPR-Cas system to specifically
silence the resistance genes in the pathogens. PNAs which
are oligomers like DNA with a high binding affinity toward
complementary DNA have also been used to specifically
arrest the expression of virulent genes and genes confer-
ring resistance in pathogens. The clinical trials and case
studies supporting these new approaches have also been
the source of hope among scientist in the resistance era.
Moreover, the researchers are also keen on unearthing
novel species from the previously unseen and uncharted
territories on land and sea. They have also tried out the
various modifications of the existing approaches that have
led to the discovery of some of the most important com-
pounds in recent times. Hurdles in antibiotic discovery
will continue to trouble researchers in the time to come but
approaching the problem with strict policies and frame-
works might be able to lend a helping hand and curtail the
problem of antibiotic resistance to some extent.
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